The helicates-chiral assemblies of two or more metal atoms linked by short or relatively rigid multidentate organic ligands-may be regarded as non-peptide mimetics of a-helices because they are of comparable size and have shown some relevant biological activity. Unfortunately, these beautiful helical compounds have remained difficult to use in the medicinal arena because they contain mixtures of isomers, cannot be optimized for specific purposes, are insoluble, or are too difficult to synthesize. Instead, we have now prepared thermodynamically stable single enantiomers of monometallic units connected by organic linkers. Our highly adaptable self-assembly approach enables the rapid preparation of ranges of water-stable, helicate-like compounds with high stereochemical purity. One such iron(II) 'flexicate' system exhibits specific interactions with DNA, promising antimicrobial activity against a Gram-positive bacterium (methicillin-resistant Staphylococcus aureus, MRSA252), but also, unusually, a Gram-negative bacterium (Escherichia coli, MC4100), as well as low toxicity towards a non-mammalian model organism (Caenorhabditis elegans). P rotein a-helices perform structural and signalling roles in nature through interactions with nucleic acids, other peptides and membranes. Because of this biochemistry, synthetic a-helices have a role as motifs in the development of drug molecules [1] [2] [3] [4] . However, because they are challenging to synthesize on a reasonable scale and have lability to proteases (leading to unfavourable pharmacokinetics) 2 , there have been substantial efforts to design and synthesize organic peptidomimetic and nonpeptide mimetic systems [5] [6] [7] [8] [9] . The helicates 10-18 commonly comprise a chiral assembly of three ditopic bidentate organic ligands BA-AB around two metal centres (Fig. 1a) . Some examples have diameters similar to a-helices ( 1.2 nm), and there is hope that these coordination complexes could have therapeutic and medical diagnostic applications as non-peptide mimetics. Indeed, synthetic and biophysical studies focusing on this general aim are being carried out by groups worldwide [19] [20] [21] , and notably by Hannon and co-workers 14,22-34 . Nevertheless, the practical impact of this type of research in medicinal chemistry will be limited unless certain criteria can be met. Helicates must be (i) optically pure and non-racemizing for use in human systems, (ii) soluble and stable in water to enable studies in biological media, (iii) readily available on a practical scale, and (iv) synthetically flexible so that drug-like properties can be designed or optimized 35 . The approach that has come closest to meeting these criteria dealt with a single Fe(II) helicate bearing arginine-derived substituents 22 ; this water-soluble compound was available in both enantiomerically enriched forms, but on a small scale after a lengthy synthesis.
The helicates-chiral assemblies of two or more metal atoms linked by short or relatively rigid multidentate organic ligands-may be regarded as non-peptide mimetics of a-helices because they are of comparable size and have shown some relevant biological activity. Unfortunately, these beautiful helical compounds have remained difficult to use in the medicinal arena because they contain mixtures of isomers, cannot be optimized for specific purposes, are insoluble, or are too difficult to synthesize. Instead, we have now prepared thermodynamically stable single enantiomers of monometallic units connected by organic linkers. Our highly adaptable self-assembly approach enables the rapid preparation of ranges of water-stable, helicate-like compounds with high stereochemical purity. One such iron(II) 'flexicate' system exhibits specific interactions with DNA, promising antimicrobial activity against a Gram-positive bacterium (methicillin-resistant Staphylococcus aureus, MRSA252), but also, unusually, a Gram-negative bacterium (Escherichia coli, MC4100), as well as low toxicity towards a non-mammalian model organism (Caenorhabditis elegans). P rotein a-helices perform structural and signalling roles in nature through interactions with nucleic acids, other peptides and membranes. Because of this biochemistry, synthetic a-helices have a role as motifs in the development of drug molecules [1] [2] [3] [4] . However, because they are challenging to synthesize on a reasonable scale and have lability to proteases (leading to unfavourable pharmacokinetics) 2 , there have been substantial efforts to design and synthesize organic peptidomimetic and nonpeptide mimetic systems [5] [6] [7] [8] [9] . The helicates [10] [11] [12] [13] [14] [15] [16] [17] [18] commonly comprise a chiral assembly of three ditopic bidentate organic ligands BA-AB around two metal centres (Fig. 1a) . Some examples have diameters similar to a-helices ( 1.2 nm), and there is hope that these coordination complexes could have therapeutic and medical diagnostic applications as non-peptide mimetics. Indeed, synthetic and biophysical studies focusing on this general aim are being carried out by groups worldwide [19] [20] [21] , and notably by Hannon and co-workers 14, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Nevertheless, the practical impact of this type of research in medicinal chemistry will be limited unless certain criteria can be met. Helicates must be (i) optically pure and non-racemizing for use in human systems, (ii) soluble and stable in water to enable studies in biological media, (iii) readily available on a practical scale, and (iv) synthetically flexible so that drug-like properties can be designed or optimized 35 . The approach that has come closest to meeting these criteria dealt with a single Fe(II) helicate bearing arginine-derived substituents 22 ; this water-soluble compound was available in both enantiomerically enriched forms, but on a small scale after a lengthy synthesis.
In our view, the core of the problem is the helicate approach itself, in which the helicity at each octahedral metal M in Fig. 1a is mechanically coupled using relatively stiff or short ligands B-A-A-B, leading to an overall chiral structure 35 . Our approach has been to avoid this design element and instead develop methods where thermodynamically stable single enantiomers of monometallic compounds may be produced from simple optically pure ligands at labile metals 36, 37 , and then to connect together such stereochemically 'pre-programmed' units using linkers of our choice. This has not been achieved previously because of the profound difficulty in synthesizing stereochemically pure monometallic complexes. Here, we report the successful outcome of this strategy: two series of optically pure, water-stable, functionalized, readily available bimetallic architectures. The conventional helicate approach (mechanical coupling between metal centres) is not used here, and the new assemblies can be designed to have different degrees of flexibility. In recognition of these distinctions we use the term 'flexicate' for these helicate-like compounds. In addition to specific interactions with DNA, they show very promising antimicrobial activity towards methicillin-resistant Staphylococcus aureus (MRSA) and Escherichia coli, as well as low toxicity to the non-mammalian model organism Caenorhabditis elegans.
Results
Synthesis, self-assembly and characterization. Alkylation of 2 equiv. of (R)-2-phenylglycinol with 1 equiv. of a,a ′ -dibromo-pxylene gave the optically pure diamine 1 (Fig. 1b) (Fig. 1b) . Isomorphous crystals of the Fe(II) and Zn(II) flexicates D3a and D4a were grown, and the Zn(II) structure was fully refined (chiral space group P3 1 12). The triple-stranded tetracation assembly is shown in Fig. 3 (see Supplementary Fig. S1 for a structural figure with probability ellipsoids, CCDC reference no. 847378). Both metal centres have fac,D Zn configurations and are connected by three diether linkers. Each metal centre is approximately octahedral with a mean average Zn-N bond length of 2.17 Å (ref. 37) . At the metal centres, each of the three pyridine units forms an optimal parallel-displaced p-stack with a phenyl unit on a neighbouring ligand 37, 40 . The average angle between the mean planes of the pyridine and phenyl rings is 4.98 (range 3.0-7.68), and the average centroid-centroid distance is 3.65 Å (range 3.62-3.71 Å).
The presence of six sp 3 centres per linker in the M(II) flexicates allows for many potential conformations, and although the 1 H NMR spectrum indicates an averaged C 3 -symmetry for the system in solution, the observed solid-state structure has two distinct linker orientations. The ligands in red and green ( Fig. 3 ) form a zig-zag chain between metal centres, whereas the ligand in blue traces an essentially linear route between the metal centres. Despite this, the overall assembly is only slightly 'bent' along the nominal C 3 axis (see Supplementary Fig. S1 for a detailed description of the linker orientations).
The above structural study indicates that the optically and diastereomerically pure metal centres in D3a and D4a will be able to tolerate the presence of unusual linker groups, and in particular those that would normally be expected to lead to product mixtures containing, for example, achiral mesocates 41 . As a robust test of this idea, and also to create an architecture with aminoalcohol functionality at the structure termini, we treated 2 (ref. All the Fe(II) flexicates give excellent circular dichroism (CD) spectra with intense features spanning the whole UV-vis region as a result of p-p* and metal-ligand charge transfer transitions. The spectra of enantiomers were found to be equal and opposite ( Supplementary Fig. S3 ). In particular, the intense bisignate curves centred around 550 nm resulting from strong exciton coupling in the metal-ligand charge transfer transitions confirm the formation of non-racemic chiral metal centres. Comparison with the metal-ligand charge transfer bands in the CD spectra of the structurally similar D-and L-[Fe(bpy) 3 ] 2þ enantiomers confirms the assignments of metal configuration 43, 44 . Such features are ideal for spectroscopic studies of DNA binding because of their intensity and their position well away from DNA-based absorptions. They are also highly sensitive to structural changes and would, for example, not be present in the event of decomposition of the flexicate.
Water-soluble chloride salts of both series, such as
3 ]Cl 4 (D7a) and its enantiomer L7a were prepared quantitatively using FeCl 2 as the metal source. These are spectroscopically indistinguishable from the ClO 4 2 salts described above ( Supplementary Fig. S4 ). Critically, CD spectra of solutions of these flexicates in water showed little change over lengthy storage periods, with no indications of stereochemical leakage. 26, 27 . Linear dichroism (LD) spectroscopy measures the difference in absorption of light polarized parallel and perpendicular to the orientation axis of the molecule [LD ¼ A 2 A ⊥ ]. Laminar flow is used in LD spectroscopy to orient long molecules such as DNA predominantly in one direction (Fig. 5a) Molecules can align on a stretched film such as polyethylene with their long axis oriented along the stretch direction, thus allowing the predominant polarization of transitions at given wavelengths to be determined. The long-and short-axis transitions in the flow LD spectrum of D7a have been characterized from film LD data ( Supplementary Fig. S7 ). Both the long-(575 nm) and short-(360 nm) axis transitions have positive signals in the flow LD spectrum of the flexicates with DNA. As a result, and because LD is proportional to (3cos 2 a 2 1), where a is the angle between the DNA helix axis and the transition moment, the flexicates must be oriented in such a way that the angles between the flow axis and the long and short axes are both less than 54.78. The differences in signal intensities between the long-axis-polarized transitions at 575 nm and the short-axis-polarized transitions at 360 nm are greater in the LD spectra than in the UV-vis absorbance spectra ( Supplementary Fig. S7 ). The flexicate must therefore be oriented on the DNA so that 54.78 . short-axis angle . long-axis angle, relative to the flow axis (Fig. 5b) . For this to hold, the flexicate must be oriented at 40-458 to the flow axis. This angle is the same as the angle of the grooves in DNA relative to the helix/flow axis (Fig. 5a) , and therefore suggests that the flexicates L7a and D7a target the grooves of DNA. Given that these flexicates have a diameter of 1.2 nm (similar to that of a typical a-helix), we can assume major groove binding (Fig. 5c ) (the minor groove is too narrow).
The melting temperature (T m ) of DNA is an effective measure of its thermal stability and is defined as the temperature at which half of the DNA strands are in the double-helical state and half have unwound into a 'random coil' state. The changes in melting temperature (DT m ) of ct-DNA in the presence of selected flexicates are listed in Table 1 and show that both enantiomers of [Fe 2 L 1a 3 ]Cl 4 , L7a and D7a, stabilize the ct-DNA, causing an increase in its melting temperature. Enantiomer L7a exhibits a higher stabilizing effect on the ct-DNA than its mirror image D7a. The flexicates L8a/D8a and L8b/D8b have no effect on the melting temperature of ct-DNA. These results fit with the conclusions made from the spectroscopic measurements previously described; that is, L7a and D7a bind strongly in a specific mode (with L . D) whereas L8a/D8a and L8b/D8b only exhibit electrostatic interactions.
Antimicrobial activity and toxicity. The antimicrobial activity of the enantiomeric pairs L7a/D7a, L8a/D8a and L8b/D8b were assessed against the Gram-negative bacterium E.coli (MC4100) and the Gram-positive bacterium methicillin-resistant S. aureus (MRSA252). The latter is resistant to several antibiotics, including penicillin, methicillin, ciprofloxacin and erythromycin 45 . The tested flexicates displayed antimicrobial activity against both types of bacteria with minimum inhibitory concentrations (MICs) as low as 4 mg ml 21 ( 2 mM) against E. coli (Table 1) . Although the antimicrobial activity of certain coordination compounds was noted some time ago 46 , this result is unusual because coordination compounds often have low potency against Gram-negative bacteria in particular 24, 47 , possibly as a result of their protective lipopolysaccharide-containing outer membrane 48 . These preliminary MIC data indicate two trends in the antimicrobial activity of the flexicates. First, systems with less polar ligands are more effective. Second, the L Fe enantiomers are more effective than the D Fe enantiomers.
Toxicity tests were carried out for the most biologically active flexicates (enantiomers L7a and D7a) on nematode C. elegans. The use of C. elegans as a simple and convenient model to test for toxicity is justified because it shares several biological features with higher eukaryotes 49 and is therefore considered a good indicator for their toxicity too 50 . The worms were exposed to different concentrations of the tested flexicates for 24 h and the LC 50 values were determined (Table 1) . Enantiomers L7a and D7a had LC 50 values of 408 mg ml 21 and 500 mg ml 21 , respectively, making them significantly less toxic than ethidium bromide (LC 50 ¼ 145 mg ml 21 ). Considering the high potency of these flexicates as antimicrobial agents, their relatively low toxicity in C. elegans is 
Discussion
The metallo-helical assemblies described herein arise represent an approach-the linking together of pre-programmed optically pure monometallic units-which does not rely on the helicate concept of mechanically coupled metal centres and allows quite free variation of the linkers and end groups. The p-stacking interactions present in these flexicates, enhanced by metal coordination, contribute substantially to the excellent observed diastereoselectivity, and the accompanying hydrophobic effect imparts unusually high aqueous stability. Overall, we believe that the flexicates satisfy the practical criteria that will allow their translation from the chemistry laboratory to the clinic via biological studies. Early investigations in this direction are highly promising; the flexicates are amenable to biophysical studies, and differences in DNA binding constants between classes of flexicates are traced back to major-groove binding for one class and simple electrostatic binding for another. Their antibiotic properties are also dependent on structure and helicity, and the activity against the Gram-negative strain E. coli MC4100 is particularly notable alongside the modest toxicity to C. elegans. Perhaps most importantly, however, the practicality of this approach will allow us to explore this region of chemical space more readily than has been possible hitherto, and if drug candidates are identified they are more likely to be available in a form that might reach the clinic.
Methods
The key procedures are outlined in the following. Full experimental details for the synthesis of all new compounds, including procedures and characterization, are given in the Supplementary Information, as well as protocols for the biophysical studies.
Synthesis of L
3 ]Cl 4 (L7a). 2-Pyridinecarboxaldehyde (0.28 g, 2.66 mmol, 6.0 equiv.) and (S,S)-1,4-bis{(2-amino-2-phenylethoxy)methyl}benzene (0.50 g, 1.33 mmol, 3.0 equiv.) were dissolved in methanol (50 ml) and stirred for 2 h at ambient temperature. Anhydrous iron(II) chloride (0.11 g, 0.89 mmol, 2.0 equiv.) was added as a solid, and the solution turned intense purple as the solid dissolved. This solution was stirred under reflux (80 8C) for 24 h. After cooling, the solvent was removed at reduced pressure, leaving a purple solid, which was dried in vacuo (yield, 0.85 g, 0.44 mmol, 100%).
Antimicrobial experiments. The bacterial strains used were E. coli MC4100 and S. aureus MRSA252 (see Supplementary Information). Strains were maintained on Luria-Bertani (LB) broth (Fisher) or brain heart infusion (BHI) broth (Fisher). Mueller-Hinton (MH, Fisher) broth was used to test sensitivity to antibiotics. The MIC values for the flexicates were determined using a macrobroth dilution method (see Supplementary Information). Stock solutions of all flexicates were made in 70% ethanol at a concentration of 10 mg ml 21 . These were diluted to appropriate concentrations in 3 ml of MH broth containing 105 cells per ml. The cultures were incubated for 18 h at 37 8C then scored for growth. The lowest concentration at which no growth was observed was defined as the MIC.
Analysis of toxicity in C. elegans. C. elegans Bristol (N2) nematodes were maintained on nematode growth medium, using E. coli OP50 as a source of food. Nematodes were age-synchronized (see Supplementary Information), and between 20 and 30 L4-stage nematodes were placed in each well of a 24-well plate. The nematodes were exposed to different concentrations of the test flexicates for 24 h, in a total volume of 1 ml M9 buffer (3 g l 21 KH 2 PO 4 , 6 g l 21 Na 2 HPO 4 , 5 g l 21 NaCl and 0.25 g l 21 MgSO 4 . 7H 2 O). Ethidium bromide was used as a control and all tests were carried out in duplicate. Observations were carried out using a standard dissecting microscope. Nematodes were scored as dead when they lost their normal sigmoidal shape and failed to move in response to agitation of the medium or gentle touch with a platinum wire. LC 50 values (the concentration at which 50% of nematodes are killed) were determined for each flexicate tested.
